The rate of reproduction of deep-sea bacteria from six different capture depths between 1957 and 10,476 meters was studied as a function of temperature and pressure. The results showed the following: the true deep-sea bacteria of different depths have several characteristics, presumably evolutionally derived, distinguishing them from each other and from bacteria of atmospheric-pressure environments; pressure plays a significant role in determining the distribution of oceanic life; and pressure-adapted bacteria are easily recovered from and ubiquitous in the deep ocean. Organisms evolving in habitats of different temperatures and pressures need to be studied to understand the physical limits of life, the distribution of life within the earth and its oceans, the role of organisms in organic diagenesis and petroleum formation, and the possible existence of life on and within other planets.
The cold, dark, remote, high-pressure environments characterizing most of the sea are accessible with difficulty and expense. The natural history of the inhabitants of this large part of the biosphere is fragmentary because of the need to use ships, submersibles, and uncommon instruments. These constraints and the need to keep deep-sea organisms at high pressures combine to slow development of methods to maintain and to cultivate these organisms in the laboratory (1, 2) . Whereas the biology ofatmospheric-pressure life has been furthered by the availability of cultivatable bacteria, plants, and animals, that of high-pressure life has been delayed by a lack of laboratory strains of deep-sea organisms. Results in this report on bacteria, the single type of deep-sea organism only recently (3) (4) (5) axenically cultivated in the laboratory, verify quantitatively that pressure alone (6, 7) has a profound influence on oceanic life-an influence as significant as that of temperature, salinity, or currents; and that studies using Animals and thereby any associated bacteria were retrieved not only cold (ca. 40C) in insulated traps but also at their in situ pressure with a pressure-retaining animal trap (8) . The animals, water, and sediments for the bacterial isolations came from North Pacific Ocean depths of 1957 to 10,476 m. Bacteria were isolated as previously described (3, 9, 10) . Preliminary data on an isolate from the Mediterranean Sea at 5000 m and 13.50C are also presented.
Kinetics of Growth as a Function of Temperature and Pressure. Two methods (10) were used to determine growth curves of deep-sea bacterial isolates as a function of temperature and pressure in the laboratory. Exponential growth rate constants, k (k = In 2/doubling time in hr), were determined from each growth curve.
RESULTS AND DISCUSSION
Rates of Reproduction of Deep-Sea Bacteria. The mean generation times of Pacific Ocean heterotrophic facultative anaerobic barophilic bacteria in laboratory cultures of nutrient-rich media at deep-sea pressures and 20C are 7-35 hr. This is based on previous results (10) and on studies of more than 60 other isolates from depths of 1957 m to over 10,500 m. Estimates of reproduction rates from in situ determinations range from 6 to 10 hr (11) in nutrient-rich conditions to over 200 hr (12, 13) in nutrient-limited conditions. The agreement between the laboratory values in nutrient-rich media with the field value of 6 hr also obtained in a nutrient-rich condition (11) suggests that the laboratory values may be useful in modeling bacterial production in guts of animals or in decomposing organic particles. Similar reproduction rates in pure culture in nutrient media in the laboratory are found with bacteria from the abyssal Atlantic Ocean (14, 15) .
These reproduction rates are large enough to allow for tangible contributions by bacteria to the deep-sea food web (16) . The discovery (17) that some deep-sea bacteria produce polyunsaturated fatty acids (C20:5 and C22:6) is evidence for at least one essential bacterial role in the deep-sea food web. These fatty acids are essential nutrients for animals and are sufficiently labile, making a shallow-water source unlikely (16) Fig. 1 and the contour plots in Fig. 2 Figs. 1 and 2 show that the rate of reproduction of each bacterial isolate varied with temperature and pressure to indicate a correlation with the habitat pressure (capture depth) of the isolate. Twenty isolates were studied in the same detail as the ones reported on in this paper. The data on the 6 isolates discussed here were the first analyzed-that is, there was no culling. Furthermore At its habitat pressure, increasing temperature facilitated its reproduction, whereas at atmospheric pressure increasing temperature inhibited its growth. The growth rate was nearly temperature-invariant for an interval of more than 10'C when the pressure was -100 bars. These and other patterns were seen in all of the isolates from greater depths. cussed herein, the observed characteristics are presumably corollaries of the way pressure causes adaptation in the deep ocean. The following enumerated attributes apply mostly to the isolates from the depths between 3584 and 10,476 m (Figs. 1 B-F and 2 B-F) since the isolate SC1 is from a depth, 1957 m, where barophily may be a marginal characteristic (10) .
(1) The strains PE36, CNPT3, PT64, MT199, and MT41 from depths of 3584 m and greater were unmistakably barophilic at all temperatures (Figs. 1 B-F and 2 B-F). These and other results support the hypothesis that all abyssal and hadal bacteria are barophilic.
(2) Obligate or strict barophily was seen in two situations. First, all barophilic isolates were obligately barophilic above the temperature permitting growth at atmospheric pressure, as seen in Figs. 1 B-F and 2 B-F. That is, the upper cardinal temperature for growth was extended by high pressure. This response has been seen only with bacteria of the cold deep sea (14, 18) and not with mesophilic or thermophilic bacteria of atmospheric pressure habitats (19, 20) . Second, obligate barophily at the 2°C temperature of the deep ocean was seen only in bacteria from depths greater than 6000 m in studies of more than 100 isolates from samples collected between 1957 and 7000 m. The shallowest occurrence of an obligate barophile was 6350 m. Further work may show if obligate barophily occurs at 2°C at depths shallower than 6000 m or if the threshold depth for obligate barophily is, as herein found, between 6000 and 8000 m ( Fig. 1 C and D) . (The relationship between the depth of collection and the depth of the true habitat of any given bacterial strain is discussed in other parts of this paper.) (3) The maximum temperature where reproduction was observed at atmospheric pressure was 13°C for the isolate from 3584 m (Figs. 1B and 2B), -9°C for the isolate from 5782 m (Figs. 1C and 2C) , and -5°C for the isolate from 7100 m (Figs. 1D and 2D) . Thus, the barophilic bacteria of the cold deep sea, when ranked by maximum achievable growth temperature at atmospheric pressure, are among the most psychrophilic bacteria known, and the degree of psychrophily increases with increasing collection depth.
(4) Each isolate reproduced more rapidly at 2°C when the pressure was less than that at its capture depth. Similar findings with several isolates suggest that the pressure of maximal rate of reproduction at 2°C may be a hallmark for the true habitat depth of an isolate (10) . (5) The rate of reproduction at atmospheric pressure decreased as the temperature was increased above 2°C (Fig.  1B, C, andD) .
(6) The rate of reproduction at pressures near the pressure of the depth of capture, unlike the case at atmospheric pressure, increased with increasing temperature over an interval of 6-10°C (Figs. 1 B-F and 2 B-F) . Thus the cells grew best at temperatures that on first thought might never be encountered in the cold deep ocean. There are three possible explanations. One is that this behavior is simply a consequence of adaptation to high pressures and low temperatures. Second, the response may have been inherited by the bacteria of the cold deep sea from ancestors who lived in a warmer environment (14) . A third explanation is that bacteria of the cold deep sea encounter warm temperatures. It seems possible that in the gut of a well-insulated deep-sea animal, heat production by microbial activity could occur and create a warm habitat. Metabolic activity in red muscle is known to cause an increased internal temperature in tuna (21) . (7) The maximum rate of reproduction among all possible temperatures and pressures was at -8-10°C for all of the isolates and, notably, at a pressure near that of their capture depth. This characteristic, seen clearly in the contour plots (Fig. 2 B-F) (Figs. 1C and 2C ), and at pressures progressively greater for isolates from greater depths.
(9) The contours in Fig. 2B -F and the surfaces in Fig. 1 B-F show that the isolates could grow at temperatures below -50C. This, possible because the freezing point of water is depressed at high pressures, attested to the psychrophilic nature of deep-sea bacteria.
(10) None of the isolates from depths of 3584 m and greater grew over a temperature interval greater than 20TC. Furthermore, the isolates seemed to be more stenothermal the greater their depth of collection.
(11) The upper pressure limit for growth was greater the greater the depth of collection (Fig. 2 A-F) . Strain MT41 grew at a pressure above 1300 bars, which is greater than that at any known ocean depth.
(12) The pressure range for reproduction varied nonmonotonically with depth of capture of the isolates. Small pressure ranges for growth were seen for the isolates from the shallowest (Fig. 2 A and B ) and the deepest (Fig. 2F) parts of the sea. The greatest pressure ranges for growth were found with the isolates from 5782, 7100, and 8961 m (Fig. 2 C-E) .
(13) The specific growth rate (shown on the k-axis in Fig.  1 (25) , then the conclusion will be inescapable that barophily is a ubiquitous and essential character of the true bacterial inhabitants of the deep cold ocean.
Role of Hydrostatic Pressure in Zonation. The more complex an organism, the more restricted it is in its distribution over ranges of temperature and pressure. Thus, the bacterial data were in harmony with data on the vertical distribution (16, 26) of many species of deep-sea animals that occur in a pressure (depth) range less than theoretically possible for bacteria. The curious thing is that the set of bacterial data indicated there should be in the cold deep sea a continuum of niches that are identical except (27) , where the surface waters are cold (;100C). The conclusion is that eggs of rattails undergo development as they rise through the water column of the sea. If pressure and temperature affect cell division in these eggs, larvae, and juveniles as they do in deep-sea bacteria, and if rattail fish from depths of 3600 m and greater also have this form of ontogenetic migration, then some of the following situations must exist, especially where the fish eggs might rise into tropical seas (>250C 
